Abstract A detailed picture of how snowfall varies across high-elevation mountain ranges in both space and time remains a knowledge gap in understanding the montane hydrologic cycle. Previous studies generally used point-scale snow measurements in an attempt to represent the spatial variability of snowfall across a range; however, these traditional approaches provide incomplete insight into the cumulative snowfall (CS) distribution from the basin-scale to the mountain range-scale. In this study, a high-resolution, spatially distributed snow reanalysis was utilized to characterize 31 winters (water years 1985-2015) of snowfall distributions, snowfall accumulation rates, and snowstorms across the Sierra Nevada (USA). The CS data set (quantified in units of snow water equivalent) was verified against over 2600 station years of in situ observations. The seasonal CS was found to have mean and root-mean-squared differences of 24 and 12 cm, respectively, and a correlation of 0.96 with snow pillow observations. Using this novel CS information, results indicated that the CS accumulates rapidly across all 20 basins examined with, on average, at least 50% of the integrated CS accumulating in less than or equal to 6 days or three snowstorms over each basin. The largest (or leading) snowstorms each season yield 27% of the CS, on average, and most frequently last 4 days. Across the range, over 40% of the leading snowstorms occur in February. This study showed that the hydroclimatology of the Sierra Nevada is driven by hydrological extremes as manifested in the high interannual variability of its seasonally integrated CS, 4.4-41.3 km 3 , during the 31 years.
Introduction
The western U.S. relies heavily on melt-derived streamflow from high-elevation basins especially during seasons of minimal precipitation [Mote et al., 2005] . In particular, over 60% of the developed water resources Downing, 2015] and 75% of the agricultural water supply [Rosenthal and Dozier, 1996] across California are derived from precipitation and snow in the Sierra Nevada, respectively. Montane snowfall or snow water equivalent (SWE) accumulates from the combination of wintertime synoptic storms and orographic lifting. As SWE accumulates it acts as a reservoir, which releases water in the spring as air temperature and solar radiation increase and drive melt. With the heterogeneity of the topography and surface characteristics in mountainous terrain, orographic effects and atmospheric circulation features contribute to significant variability in the spatial patterns of precipitation/snowfall accumulation across a range [Dettinger et al., 2004; Lundquist et al., 2010] .
Since snowfall accumulation is highly variable across a mountain range, it is important to develop detailed insight into its distribution and accumulation rate. Previously O'Hara et al. [2009] presented a snowstorm climatology over the Sierra Nevada focusing on atmospheric synoptic patterns. The climatology characterized herein however is presented from a land surface perspective that focuses on the rate of snowfall accumulation and its distribution. Prior studies analyzing the accumulation rate of snowfall across the Sierra Nevada [Serreze et al., 2001; Lundquist et al., 2015] have shown that this range receives its annual snowfall during an exceptionally short time period relative to other ranges in the western U.S. However, such studies have generally relied on point-scale in situ measurements and were therefore unable to capture the full spatiotemporal variability of snowfall distributions across the range. While it is well known that snowfall is highly variable in time and space, limited high-resolution spatially distributed data sets have generally inhibited the ability to quantify the climatological rate of snowfall accumulation across an entire mountain range. Using distributed information, this study aims to bridge the existing gap between spatially incomplete point-scale studies and large-scale numerical model-based studies that are often too coarse to adequately resolve important subgrid processes during the accumulation season.
Recently, there has been an increase in the number of snow studies that utilized spatially distributed SWE data sets to quantify the peak SWE, 1 April SWE, or SWE melt volumes [e.g., Dozier, 2011; Rice et al., 2011; Dozier et al., 2016; Margulis et al., 2016a, 2016b, hereafter M16a and M16b, respectively] as well as elevational distributions of SWE [e.g., Kirchner et al., 2014] . These studies however neither focused on quantifying the cumulative snowfall (CS) volume, where CS is defined herein as the integrated amount of storm-driven snowfall accumulated throughout the accumulation season, nor focused on the rate of snowfall accumulation across this range. Nonetheless, they showed the added value of spatially continuous snow information over sparse point-scale observations. It is important to emphasize that CS is a temporally integrated quantity that indicates accumulated increases in SWE, while the amount of SWE present on the ground on a specific day t (e.g., 1 April) includes the net accumulation minus ablation. Hence, CSðtÞ SWEðtÞ.
Questions still remain about the climatological rate of snowfall accumulation and its interannual variability across entire mountain ranges and individual basins. Thus, the primary thrust of this paper is to provide a more detailed characterization of the snowfall distribution and the seasonality of snowstorms (i.e., timing, magnitude, and duration) and their contributions to the wintertime CS than currently exists across the Sierra Nevada. Quantifying these factors is crucial for better managing water resources, hydropower, etc. This paper aims to answer the following questions: (1) What is the climatology (spatial/elevational/seasonal distribution and interannual variability) of snowfall events and the cumulative snowfall over the Sierra Nevada? (2) When do the largest snowstorms occur during the accumulation season? (3) What fraction of the seasonal cumulative snowfall do the largest snowstorms represent across the range? Using a spatially and temporally continuous SWE data set (M16a), this study provides more robust estimates of snowfall distributions at the basin and range-scales, which have not been possible in previous studies over a mountain range, as well as additional insight into accumulation rates that complements existing literature.
Study Domain, Data, and Methods

Study Domain
The Sierra Nevada (supporting information Figure S1 ) was subdivided into four geographic regions (M16a): northwest (NW), southwest (SW), northeast (NE), and southeast (SE) to elucidate the distinct precipitation regimes of the northern versus southern and eastern versus western Sierra Nevada. The subdivisions also help account for fluctuations in the storm track that contribute to regional snowfall variability across the 20 major watersheds shown in supporting information Figure S1a . The NW and SW Sierra Nevada each consist of seven basins, while the NE and SE regions each consist of three basins. In addition to the western (windward) basins, the Owens and Mono basins in the eastern Sierra Nevada provide snowmelt-derived water to Southern California.
All analysis was performed above 1500 m, which typically represents the lowest elevation that is seasonally snow covered (i.e., average snow line) [Rice et al., 2011; Guan et al., 2013] , for land pixels shown in supporting information Figure S1a . Above 1500 m, the average elevation across the Sierra Nevada is 2200 m and the 20 basins examined herein span nearly 50,000 km 2 . The northern Sierra Nevada has lower elevations than the southern basins (supporting information Figure S1b ) and the eastern basins have steeper slopes than the western basins. A strong rain shadow results in more forested areas on the western side of the range than on the eastern side with higher elevations being less vegetated. This range exhibits a maritime snowpack regime, which is characterized by the shortest accumulation seasons in the western U.S. [Trujillo and Molotch, 2014] . Traditionally, 1 April is taken to be the time of peak SWE; however, as M16a demonstrated, this assumption can lead to significant underestimation of the pixel-wise and basin-average peak SWE due to terrain heterogeneity, the timing of snowstorms, etc. [Dozier et al., 2016] . Moreover, these observations cannot capture the detailed spatiotemporal variability of snowfall across mountainous terrain that is useful for water resources and hydrological applications. These limitations were overcome by using the 90 m gridded, daily Sierra Nevada SWE reanalysis from M16a.
The 90 m SWE reanalysis (supporting information Text S1) was used herein to derive CS fields during 31 accumulation seasons spanning water years (WYs; 1 October to 30 September) 1985-2015. Hereafter, references to a water year refer to the winter/accumulation season of that water year. The accumulation season was defined from November to the basin-average day-of-peak (DOP) SWE and therefore varies interannually. The SWE data set was previously utilized to investigate pixel-wise peak SWE (M16a) and range-wide peak SWE (M16b). Herein, it was used to analyze the basin-average CS and characterize snowstorms and snowfall accumulation rates.
Snow Pillow Observations
M16a verified the posterior estimates of peak SWE with in situ observations across the Sierra Nevada. Since herein snowfall accumulation as opposed to peak SWE was investigated, CS information derived from the SWE reanalysis (i.e., the posterior) was verified. The comparison was performed relative to over 100 snow pillows in the Sierra Nevada from the California Department of Water Resources Data Exchange Center (CDEC; http://cdec.water.ca.gov/snow/current/snow/index.html) for WYs 1985-2015. After performing quality control (described in supporting information Text S2), over 3000 station years contributed to the median CS (across all stations) in the daily comparison and nearly 2700 station years were available for the seasonal CS verification (described below). Similar to the CS calculation for the snow reanalysis, CS at the snow pillows was computed using daily increases in SWE. Comparisons of CS were made between the station measurements and co-located estimates (supporting information Text S2). Note that for the CS verifications, 1 April was taken as the end of the season for consistency with previous studies. However, for the remainder of the snowfall analysis presented thereafter, the basin-average DOP SWE served as the end of the accumulation season.
It is important to emphasize that snow pillows may not be representative of surrounding snow distributions [e.g., Molotch and Bales, 2005; Meromy et al., 2013] . Not only do the observations differ in spatial resolution relative to the 90 m snowfall data set, but they do not adequately sample all elevations and physiographic conditions across the range because they are typically confined to low/mid-elevations located in cleared, flat terrain. In addition, <1% of the snow-dominated Sierra Nevada is sampled by this relatively ''dense'' snow pillow network [Guan et al., 2013; M16a] . Snow pillows can overestimate or underestimate snowfall due to delays in snowfall registration [Johnson and Marks, 2004] , rainfall entering the snowpack and freezing (i.e., the inability to discriminate phases) [Lundquist et al., 2008] , and differences between the thermal conditions of snow pillows and the ground surface [Johnson et al., 2015] . Although a comparison between the snow reanalysis and point-scale measurements is imperfect, it provides a measure for assessing the reliability of high-elevation snowfall with an independent set of in situ observations (i.e., they were not used in the assimilation framework). Note that manual snow measurements could be utilized in future efforts to verify the snow reanalysis. Since snow courses are typically available monthly, such a comparison was not included.
Wet-Year and Dry-Year Classification
While the primary focus is on the 31 year climatology, a subset of years was classified as wet or dry based on the total integrated CS anomalies as a percent difference relative to the 31 year average. Wet and dry years were identified as those with percent differences >20% and <-20% (during the accumulation season), respectively, following M16a. These distinctions promote a better understanding of interannual variability and thereby the differences among wet-year, dry-year, and long-term (31 year) climatologies of snowstorms, snowfall rates, and CS patterns. Herein, wet years include WYs 1986 , 1993 , 1995 , 1998 , 2006 , 2008 and dry years include WYs 1987 , 1988 , 1990 , 1992 , 1994 , 2001 , 2007 , and 2012 -2015 For consistency, these years were defined for the entire range and therefore are not basin specific.
Snowstorm Definition and Metrics
To fully leverage the distributed nature of the snowfall (S) information, a snowstorm definition based on the CS volume was developed and applied to each basin. The definition (as discussed below and depicted in Figure 1 ) differs from previous techniques that identified snowstorms of a given duration (e.g., 3 day or 5
Water Resources Research 10.1002/2017WR020915 day events) [Serreze et al., 2001; Lundquist et al., 2015] and those that required a given fraction of stations to register a specified snowfall depth [e.g., O'Hara et al., 2009] . Instead daily increases in SWE, S5DSWE > 0, were used at the highest elevations (elevations above the 75th percentile of a basin or EL 75 , supporting information Figure S1b ) as an indicator to define when basin-wide snowstorms occurred. A basin-relative elevation, rather than a fixed one, prevented basins from having a disproportionate number of pixels used to identify snowstorms (relative to other basins). These elevations were used because snowstorms typically occur at the highest elevations and extend downslope with fluctuations in the snow line. Using the daily increases in snowfall from pixels in the top quartile of the basin, the daily-integrated snowfall volume (V) was computed as follows:
where the daily increase in SWE (i.e., snowfall) was computed for all pixels i above EL 75 and N is the total number of pixels above EL 75 within a basin. Each pixel has a uniform horizontal resolution (i.e., Dx5Dy590 m). As shown in Figure 1a , only days contributing 1% of the seasonally integrated CS volume at these elevations (V Tot ) were further considered (i.e., VðtÞ 0:01V Tot ), where V Tot is given by
Consecutive days satisfying the above criterion were grouped into a single snowstorm ''event.'' An event therefore can consist of a series of sequential days or a single day (shaded regions in Figure 1 ). The 1% threshold is conservative given that an estimated 10 snowstorms occur annually in the Sierra Nevada [O'Hara et al., 2009] , meaning that on average with everything equal, one snowstorm contributes 10% of the seasonal CS. This threshold prevents negligible CS increases across a basin from being identified as an unrealistically long or continuous event. Integrating the CS accumulated only during snowstorms results in 100% of the seasonal CS as observable in Figure 1 . During years when the snowstorm-derived CS was <100% of the seasonal CS, the remaining CS accumulated during small and/or localized snowfall events ( Figure 1 ). After events were identified, further analysis was generalized to the entire basin to determine CS storm totals (numerals in Figure 1a ). It is important to make the distinction that herein snowfall and CS were quantified in units of equivalent water depth, rather than snow depth.
In the Sierra Nevada, previous studies have shown that the largest or ''leading'' snowstorm of a season is often an atmospheric river (AR) and provides a significant fraction of the CS [e.g., Serreze et al., 2001; Guan et al., 2010] . Although ARs (long, narrow low-level jets with abundant moisture and strong horizontal vapor transport) deliver an average of 30-40% of the seasonal CS in the Sierra Nevada [Guan et al., 2010] , snowstorms were more broadly defined and investigated herein. Using in situ Snowpack Telemetry (SNOTEL) measurements, Serreze et al. [2001] estimated that the leading (3 day) snowstorm of a season yielded an average 17% of the total CS. Therefore, to examine the contribution of the largest snowstorm using distributed data across the range, a basin-wide leading event was defined for a given year as the snowstorm that yielded the largest total integrated CS volume over the basin that year ( Figure 1a ). While storm events were quantified basin-wise, ''storm snow days'' were quantified pixel-wise during each event to capture the spatial heterogeneity in CS accumulation rates. A storm snow day (SSD) was defined for a specific pixel if S i 5DS WE i > 0 on a given storm day (i.e., for each pixel, days with increases in CS within shaded snowstorm periods in Figure 1b ). Hence, the maximum possible number of SSDs during a snowstorm would correspond to the total snowstorm duration. The size of a snowstorm was defined as the average increase in CS that the basin or pixel experienced during the event.
The seasonal snowfall accumulation rate was quantified with two approaches: (1) chronological and (2) ranked. During each season the chronological approach characterizes the rate of accumulation in a timedependent, sequential daily manner (i.e., calendar days, CDs, or the day of the accumulation season starting 1 November), while the ranked method requires sorting and ranking the snowstorm data. Snowstorms were ranked based on their integrated CS from the leading storm to the smallest identified snowstorm volumes. SSDs were similarly sorted for each pixel and arranged in descending order based on (daily) S i ðtÞ5DSWE i ðtÞ > 0. The ranking approach highlights how the largest events yield the greatest contribution to the CS, whereas the chronological approach provides information on the seasonality of events. They yield complementary insight into the seasonal accumulation rate and the length of the season itself. The number of CDs or SSDs to accumulate at least p percent of the CS is denoted with a subscript (e.g., CD p , where p550 corresponds to the number of CDs to accumulate 0:5CS).
3. Verification, Results, and Discussion Figure 2 compares the median CS time series between the snow pillows (observed, red) and the snowfall data set (estimated, blue) across the pillow stations in the Sierra Nevada for the 31 study years. The median CS time series was constructed by taking the median of the individual station CS time series each year. Although daily snowfall information may have been unavailable or marked as ''missing'' during quality control, all useable measurements for each station were included in the verification to maximize the amount of available snowfall information at a given time. If a consistent set of sensors existed throughout the season, the median CS time series would monotonically increase. However, since a variable number of sensors resulted from missing data, the median CS curve can decrease (e.g., WY 1989) although the individual station time series monotonically increase.
CS Verification
Although the SWE reanalysis was generated to improve seasonal estimates of SWE, concurrent increases in the median CS estimated and observed time series in Figure 2 indicate that the snowfall data set represents the timing of the observed snowfall events well. This is manifested in the strong positive correlations (r 0:97, p50:00) between the two median CS time series for each year, as shown in Figure 2 The seasonally integrated CS was examined at individual stations and at a larger scale with the median CS in Figure 3 . Note that in situ observations were available in all basins except Cosumnes. As shown in Figure  3 , the observed and estimated (reanalysis) CS values are strongly correlated with statistically significant correlation coefficients ranging from 0.90 to 0.98 across all watersheds. Due to scale disparities, it is expected that the CS observations (''point-scale'' or 3 m 3 3 m) will vary from the estimates (90 m 3 90 m). Differences are expected to be the largest at the individual station scale because snow pillows are generally located in flat clearings, while forest cover may be included in the 90 m pixel. Moreover, the pillows are subject to localized wind-blown snow that may not be represented at the 90 m scale. Hence, the grid-averaged 90 m reanalysis pixels should not be expected to represent the same values as observed at the pillows.
Considering all stations and years for each of the basins in Figure 3 , the RMSD and MD range from 7 to 20 cm and from 21 to 216 cm, respectively. When all individual years and stations are considered (black ''o'' symbols, bottom right), the RMSD and MD are 12 and 24 cm, respectively. These values are larger than the RMSD and MD of the median of the CS across all stations for each year (cyan ''1'' symbols, bottom right), which are 4 and 22 cm, respectively. The RMSD and MD associated with the median of the seasonal CS computed over all years for each station (gray ''3'' symbols, bottom right) are also low (8 and 24 cm, respectively).
While a comparison of CS at the station-level is presented in Figure 3 , the analysis utilizing the median CS across all stations provides a more robust comparison. The station analysis is subject to more spatial variability, resulting in higher RMSD and MD values. Despite the limitations in the SWE reanalysis (described in supporting information Text S1, e.g., fixed rain-snow partitioning air temperature) and the inherent disparities between 90 m CS estimates and point-scale snow pillow observations, the estimated snowfall data set is capable of representing snowfall timing and snowstorm magnitudes. This is evidenced by the reanalysisderived CS exhibiting strong positive correlation coefficients, low RMSD, and low MD values relative to observations. 
CS Distribution and Volume
The amount of CS has not been thoroughly documented over the range due to limitations in data and the general emphasis of high-elevation snow studies to focus on SWE volumes at a given time [e.g., Dozier, 2011; M16a; M16b] . Figure 4 provides insight into the climatology of the spatial distribution and interannual variability of CS over the range. Across all three climatological CS maps in Figure 4a , the western basins accumulate a larger fraction of the CS than the eastern basins. The size of the rain shadow varies interannually with greater spillover onto the leeward (eastern) side observed during wet years (middle) than dry years (right). Overall, higher elevations receive more CS than lower elevations.
As the differences among the maps in Figure 4a suggest, there is substantial interannual variability in the CS depth (Figure 4b ) across the range. The wet-year and dry-year average integrated CS are 35.0 and 13.0 km 3 , respectively. The large difference in values is approximately equal to the 31 year average integrated CS, which illustrates the high variability of the hydroclimatology that exists across the Sierra Nevada. Similar to precipitation totals across California [Dettinger et al., 2011; Dettinger and Cayan, 2014; Dettinger, 2016] , the CS over the Sierra Nevada is often a story of extreme wet and dry years as shown in Figure 4 . Across basins in Figure 4b 
Range-Scale Characteristics of Snowstorms and Storm Snow Days
On average, an estimated 11 snowstorms occur each winter in the Sierra Nevada (Figure 5a ) with an average of nine and thirteen events during dry (red) and wet (blue) years, respectively. Hence, dry years generally have approximately four fewer storms than wet years. As illustrated in Figure 5a , the average number of events ranged from about 7 snowstorms in WY 2015 to more than double that (16 snowstorms) in WYs 2002 and 2006. The average number of SSDs (Figure 5b ) is 21 days/yr, with 17 and 24 SSDs occurring on average during dry and wet years, respectively. As shown in Figure 5b , the average number of SSDs was the lowest in WY 2015 (driest in Figure 4b ) with only about nine SSDs. In contrast, WY 1993 (wettest in Figure 4b ) had the highest number of SSDs with 30 (over 3 times as many as in 2015).
Descriptors of Integrated CS
Unlike the number of snowstorms, the number of SSDs more clearly differentiates the wettest and driest years over this record. The average number of SSDs explains 70% of the variance in the integrated CS over the Sierra Nevada, while the average number of snowstorms per year explains only 43% of the variance. Thus, the total number of SSDs (which represents the cumulative snowstorm duration; Figure 5c , right) over a season, rather than the number of events (Figure 5c , left), is a better indicator of whether a year will yield higher (or lower) snowfall accumulation over the range (i.e., a wet versus dry year).
Estimates of the integrated CS volume over the entire range serve as an important step in improving water resources management. While it is often difficult to estimate CS at high resolutions as done herein, it is generally more feasible to estimate the average number of SSDs and/or snowstorms that occur across the range during a given year. Therefore, regression models were developed to estimate the integrated CS (in km 3 )
from the number of snowstorms (SS):
and the number of storm snow days (SSD): as shown in Figure 5c in purple.
Higher-order polynomials and other functional forms exhibited a negligible gain in performance over the linear model (equation (3), Figure 5c , left) when SS was utilized as the predictor of CS. However, the quadratic model in equation (4) (Figure 5c , right) showed improvement over a linear fit for the CS-SSD data in terms of its ability to better represent low and high CS values. These models could serve as valuable tools for water managers and hydrologic applications since they provide new methods for estimating the seasonally integrated CS from more easily estimated quantities. They improve upon and complement traditional methods that simply rely on estimates of the 1 April SWE to indicate whether a given season was wetter or drier than average.
Distributions of Snowstorms, SSDs, and Leading Snowstorms
Both the average number of snowstorms per basin (not shown) and SSDs ( Figure 6 ) are larger along the western slope than the eastern slope of the mountain range for the 31 year, wetyear, and dry-year averages. This coincides with higher CS across the western basins (Figure 4a ), which results from the roughly perpendicular orientation of the terrain to the prevailing winds that promotes orographically driven CS enhancement [Grubi sić et al., 2005] . As the snowstorms rise over the range, they may dissipate before (or while) descending the leeward side of the range resulting in lower CS and fewer SSDs.
While the number of snowstorms does not vary within a basin like SSDs, it does vary among basins. More snowstorms tend to occur across the northern basins (e.g., Upper Sacramento, Yuba, American, and Carson) than in the southern Sierra Nevada (e.g., San Joaquin, Kings, Mono, Owens, and Kern) (not shown). Variations in the number of snowstorms result from the movement and location of the storm track during the wintertime (discussed below). Correspondingly, the northern basins also have more SSDs than the southern basins ( Figure 6 ). The total number of SSDs can be thought of as an analog to the length of the snow accumulation season as it varies with elevation and geographic location. Although the southern basins tend to have higher elevations than the northern basins, Figure 6 shows that, on average, the southern basins have shorter accumulation seasons and faster accumulation rates likely due to a more persistent storm track in the north. Overall, the lowest elevations within a basin accumulate their CS more rapidly (i.e., fewer SSDs) than the highest elevations. Low elevations are also most susceptible to temperature fluctuations that shift the snow line and alter the duration of the accumulation season.
Since previous studies using (spatially) sparse in situ data often led to generalized range-wide conclusions, regional variability of snowstorms (supporting information Figure S2 ) is discussed here. The NW has the longest duration snowstorms and the greatest number of snowstorms. As expected, the number of snowstorms decreases with duration across each region. Roughly two thirds of all snowstorms last 1-2 days with 
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93-96% of the storms lasting 5 days or less. In contrast, the distribution of the leading snowstorm durations resembles a normal distribution. Leading snowstorms most frequently have durations of 4 days, except in the NW where 6 day leading events occur most often. On average, leading storm duration ranges from 4.7 days (SW) to 5.7 days (NW). Snowstorms typically last 2.4 days, while leading storms persist for 5.1 days, on average, over the range. All basin-wide leading storms occurred for at least 2 days and tend to last longer than smaller snowstorms.
Strictly enforcing fixed storm durations (e.g., 3 day storms) would mainly misrepresent the leading storms of a season by breaking them up and thereby underestimating their total contribution to the seasonal CS (supporting information Figure S2a ). This provides one explanation for why the results herein show larger leading storm contributions to seasonal CS than Serreze et al. [2001] and Lundquist et al. [2015] . Furthermore, differences arise from the ability to more adequately capture the high degree of spatial heterogeneity of the CS distribution herein.
The smallest snowstorm sizes (average CS over basins during snowstorms, supporting information Figure S2b ) are the most prevalent. Regionally, 36-64% of storms yield an average increase in CS of <2 cm, while 75-91% of snowstorms result in <6 cm. About 95% of all storms across the range result in an increase of CS <14 cm with 66% of those storms having <4 cm of average accumulation across the range. The leeward basins (in particular the SE) have the highest percentages of small-sized storms and leading snowstorms and the lowest snowfall intensities (not shown) when compared to the windward basins. These differences are indicative of the windward side enhancement of snowfall and the rain shadow effect. Since the regional distributions of all snowstorm intensities are similar to that of leading snowstorms (not shown), this indicates that the longer durations of leading snowstorms are the main driver of their larger CS accumulation/size. This also explains why the number of SSDs serves as a better predictor of CS than snowstorms (Figure 5c ).
Seasonality of Snowstorms and Leading Storm Contributions
Snowstorms occur most frequently from December to March across the mountain range, with 17-24% occurring during each of these months (not shown). December-January-February (DJF) account for roughly two thirds of the snowstorms that occur and there is a relatively uniform distribution of snowstorms spanning DJF. The majority of accumulation season storms happen during these 3 months since the storm track moves southward in the wintertime from its otherwise more northern location. As the storm track moves northward during the springtime, the number of large snowstorms diminishes and the accumulation season concludes. The storm track spends more time over the northern basins [O'Hara et al., 2009] , resulting in a greater fraction of leading snowstorms occurring late in the season in the north as well as more snowstorms and SSDs in that region, on average ( Figure 6 ).
Prior studies have largely quantified snowstorm events based on in situ measurements and have not explored the regional distributions of basin-wide leading snowstorms and their contributions to CS across the range as presented herein. While the seasonality of all storms exhibited a similar distribution across the range (not shown), the distribution of leading storms (Figure 7 ) displays stronger regional variability. Leading storms in the NW generally exhibited a bimodal distribution with February, followed by December, having the greatest fractions of leading storms. Historically, the largest storms in the NW have more frequently occurred earlier in the season during December (30.0%) than in the SW (22.6%), NE (23.7%), or SE (18.3%). It is important to recognize differences in leading storm timing across the range because if a very large storm occurs in one region, it does not necessarily mean that the entire range will similarly experience its largest snowstorm. The southern basins show an increasing number of leading storms 
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November-February, after which the number decreases as the melt season approaches. The NE basins experienced the same number of leading storms in December and January, but nearly twice as many in February as in either of those months.
Understanding when snowstorms and specifically the leading snowstorms of each season occur is important since water managers are often interested in the 1 April snowpack, which is used to estimate the potential seasonal snowmelt contribution to streamflow [Serreze et al., 2001] . As demonstrated in Figure 7 , leading snowstorms tend to occur well before 1 April. Across the range, 89% of the leading storms occurred during DJF, with 41% of the leading storms occurring in February alone and contributing, on average, 29% of the seasonal CS. Since March only accounted for 8% of the leading storms, the likelihood that the largest storm of a season will occur very close to 1 April (i.e., after February) is low. Leading snowstorms that occurred in March generally contributed less to the CS than snowstorms occurring in February, with the greatest difference in the SE at 13% less. In the western and eastern basins, this amounts to 3% and 10% less on average, respectively. Overall, relatively few leading snowstorms occurred in either November or March; however, when they did occur, they yielded >20% of the seasonal CS, on average.
On average, DJF leading storm contributions are relatively uniform 26.0-28.9% of the CS at the range-scale (Figure 7 ), but contributions can significantly vary interannually. For instance, of the leading events that occurred during December in the NW, the interdecile range of contributions (not shown) was 28.2%, which is greater than the average leading snowstorm CS contribution during that month across the domain, excluding the SE. This again elucidates the importance of a single storm and how spatially and temporally variable snowstorm contributions and the regional hydroclimate can be. Figure 8 presents the relationship between the number of snowstorms and SSDs during a season and their relative contribution to the seasonal CS for each basin, respectively. While an average of 11 storms occurs annually across the range (Figure 8a, vertical line) , the average number of snowstorms varies from 9 to 12 for individual basins. Figure 8a was constructed similarly to a cumulative distribution function (CDF) where the average contribution of less than or equal to a given number of storms was considered up to the maximum number of basin-wide storms that occurred over the record (i.e., 13-23 storms). The CDFs in Figure 8b were similarly constructed for SSDs. Consequently, all years were considered at each point along the curves. As the number of snowstorms or SSDs increases, its relative contribution to the seasonal CS decreases in Figure 8 . Recall that the snowstorm definition herein was not designed to capture all increases in CS (Figure 1) . Therefore, the 31 year average CDFs in Figure 8 indicate that snowstorms accounted for 83-93% of the CS across basins, leaving the smallest events (not defined as snowstorms) to deposit the remaining 7-17% of CS. Despite significant variability among the watersheds (e.g., elevations, geographic locations, and CS volume), the CDFs in Figure 8a demonstrate that the climatological rate of snowfall accumulation exhibits a similar response over the entire range. The leading storm typically contributes 27% of the total CS volume during a season (Figure 8a ), which ranges from 23.4 to 34.6% across basins, on average. The interdecile range for Figure 7 . Seasonality of snowstorms. Bars indicate the frequency of the leading storm occurrence in a given month over the 31 seasons. Of those leading snowstorms, the curve indicates the average contribution leading storms made to the seasonalintegrated CS volume for each basin in the region.
Climatological Rate of Snowfall Accumulation and Interannual Variability 3.5.1. CS Cumulative Distribution Functions
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basin-wide leading snowstorm contributions is large with the most extreme 10th/90th percentiles for basins being 13.4-60.6% (not shown). For comparison, Lundquist et al. [2015] estimated that the largest 3 day and 5 day events contributed about 9-25% (median 15%) and 12-29% (median 19%) of the annual snowfall, respectively. Serreze et al. [2001] estimated that leading 3 day snowstorms contributed an average 17% to the CS across the range, which is larger than their estimates of 12% in the Pacific Northwest, 11% in Utah, and 10% in Colorado. Both of these studies used point-scale in situ measurements and 3 day or 5 day events. Note that Figure 8 was constructed using the CS volume over each basin, which could not be directly quantified using sparse point-scale measurements alone. Therefore, the estimate herein provides a more robust representation of accumulation across the range.
Typically, the second largest storm of the season increases the snowstorm contribution to 44% ( Figure  8a ). On average, all basins accumulate >50% of the CS within the largest three storms of a season, with basins accumulating as much as 65% of their CS within those three storms (31 year average). About five storms or fewer result in at least 71% of the seasonal CS volume, on average, (Figure 8a ) with this ranging from 45 to 95% in the most extreme cases (10th/90th percentiles, not shown). Not only are the 31 year basin averages similar in Figure 8a , but such relationships are also observed in Figure 8b .
The sizeable contributions that a few storms make to the CS greatly elucidate the importance of each wintertime storm in the Sierra Nevada (Figures 7 and 8) . The presence of one or a few larger/smaller storms than average can be the difference between a wet and a dry year. Lute and Abatzoglou [2014] drew similar conclusions regarding snowfall patterns across the western U.S. Persistent atmospheric phenomena that alter the storm track could have a substantial impact on the CS over the Sierra Nevada. For instance, the resilient high pressure ridge that deflected the storm track north of the range [e.g., Swain et al., 2014; Seager et al., 2015] , manifested itself in an exceptionally strong multiyear drought WY 2012 WY -2016 . Hence, during any given year, a shift in the storm track could greatly impact the amount of precipitation/snowfall and the water supply across California. Dettinger [2013] showed that one or two large storms in California could make a significant difference in drought recovery and local/regional water resources. Often the Sierra Nevada experiences one to a few exceptionally large snowstorms each year that make up the majority of the CS (Figure 8a ).
The deflection of a few sizeable snowstorms would result in fewer SSDs and lead to nonlinear decreases in the integrated CS volume (equation (4) and Figure 5c , right). When the SSDs were ranked pixel-wise and the resulting CS was integrated across a basin for each year, the 31 year average CDFs in Figure 8b indicate that, on average, one SSD can result in 10.3-18.5% of the CS. Remarkably if the most extreme 10th/90th percentile cases were considered, one SSD can yield 6.6-27.2% of the CS (not shown), where the 90th percentile value is approximately as large as the 31 year average leading snowstorm contribution. The largest five SSDs yield 36.8-53.5% of the integrated CS across basins, on average. Although leading storms typically last 5 days, each of these days may not be classified among the greatest 5 days of increases in CS for each pixel as represented in Figure 8b . Nonetheless, these values represent another metric for evaluating how rapidly the snowfall typically accumulates. Selecting any of the curves in Figure 8 and analyzing the rate of accumulation up to say 50% or 75%, would result in similar conclusions: few snowstorms and SSDs result in the majority of the CS across the mountain range.
Spatial Distribution of Calendar Days and Storm Snow Days
Detailed maps of accumulation rates have not been previously available across an entire mountain range as shown in Figure 9 . Figure 9a presents the 31 year average number of CDs it takes to accumulate 50, 75, and 100% of the CS, respectively, across the range. Recall that 1 November corresponds to the first CD. The spatial average of the 31 year climatology CD 50 maps corresponds to 85.2 days or 24 January and the CD 50 accumulation rates vary from 53.1 to 108.2 days across the entire domain shown in Figure 9a (left). Furthermore, the spatial averages of the climatology maps demonstrate that on average CD 75 corresponds to 106.7 days or 15 February (63.0-125.5 days) and CD 100 corresponds to 129.2 days or 9 March (67.5-142.8 days) across the Sierra Nevada, where the ranges of CDs in parentheses indicate the 31 year average minimum and maximum values observed across the domain in each map. Cayan et al. [2003] estimated that 67% of the annual precipitation across California accumulates in a window spanning 90-120 days on Figure 9 . Thirty-one year average number of (a) CDs (chronological) and (b) SSDs (ranked) to accumulate at least 50% (first column), 75%, and 100% (third column) of the CS, respectively. Refer to the text for the discussion explaining why the 100% maps were excluded from Figure 9b . The (spatially averaged) range-wide statistics are provided for each 31 year average map. Dates were rounded to the nearest day.
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average, which is shorter than any other state (150-250 days/yr). As demonstrated here, the Sierra Nevada often accumulates its CS faster than the total precipitation accumulation rates over the entire state.
The difference between the minimum and maximum values (presented above) across each of the climatological maps in Figure 9a represents substantial spatial variability in the accumulation rates over the domain, ranging from 55 to 75 days (or 2-2.5 months). However, the standard deviations across the climatological maps in Figure 9a are small, 5.3-9.0 days (or <1-2 weeks). Since CDs are a measure of the length of the accumulation season and the seasonality or timing of snowfall, the magnitude of the standard deviation is consistent with the concept of event coherence Serreze et al. [2001] identified across the Sierra Nevada. The range in the 31 year average CD 100 accumulation rates by the DOP (Figure  9a, right) illustrates that the accumulation season often ends significantly before 1 April, i.e., 152 days. While it takes 85 days to accumulate 50% of the CS, it only takes an additional 21.5 days to achieve 75% in mid-February and another 22.5 days to reach 100% accumulation in early March, on average. This demonstrates that large CS increases (50% of the CS), not simply leading storms, often occur in February.
When SSDs are ranked pixel-wise to generate the climatological maps in Figure 9b , the rapid rate of accumulation is more clearly identified. Since SSDs were defined during snowstorm events, Figure 9b does not provide a map of the time to achieve 100% accumulation for the same reasons that the CDFs do not reach 100% in Figure 8 . As the percent accumulation increases from 50% to 75%, the SSD patterns in Figure 9b more closely resemble the 31 year average CS distribution (Figure 4a, left) . The pixels across the range accumulate 50% of the CS, on average, in only 6.4 SSDs (long-term spatial average). Lundquist et al. [2015] estimated that it took 10 days (median) to achieve 50% accumulation using station data across the Sierra Nevada. Herein, the 31 year spatial average of SSD 75 was estimated to be 12.4 days/yr. As depicted in Figure  9 , the leeward basins accumulate their CS in the fewest number of days compared to the rest of the domain. Moreover, southern basins often accumulate their CS at a more rapid rate than northern basins (Figure 9b ).
The brevity of the accumulation season is further exemplified by considering the maximum number of SSDs across each of the maps in Figure 9b as these values represent markedly few days. On average, all pixels across the domain achieve 50% and 75% of their CS in <13 SSDs and <24 SSDs, respectively. Considering the broader context of California, Dettinger et al. [2011] estimated that 33-50% of the annual precipitation over the state was achieved in 5-10 wet days/yr; however, their estimate included comparatively few data points over the Sierra Nevada. The average rate of 50% accumulation (6.4 SSDs) estimated herein is near the lower bound of their estimate for the entire state, while the maximum value of SSD 50 (13 SSDs) is close to the upper bound for the state. 3.5.3. Elevational Distribution of Accumulation Rates Since in situ measurements primarily sample low and mid-elevations, snowfall accumulation rates at the highest elevations remain largely unknown. Figure 10 aims to fill this gap by expanding upon the spatial distribution of accumulation rates shown in Figure 9 to more fully characterize their elevational dependence. Figures 10a and 10b present the same percentages p, utilized in Figures 9a and 9b for CD p and SSD p , respectively. Since higher elevations tend to receive snowfall earlier in the season than lower elevations, the 31 year average CD 50 curves (blue) indicate that 50% of the CS is reached earlier with increasing elevation (Figure 10a) . However, the shape of the curves is altered from 50% to larger values of p since higher elevations receive snowfall over a longer fraction of the season than lower elevations.
Regional differences in the elevational distribution of accumulation rates are apparent among the 31 year average curves (solid lines) in Figure 10 . For instance, rain shadow features are reflected in Figure 10a , where the SW typically accumulates CS at a relatively constant rate with elevation as opposed to regions such as the SE where CD p exhibits a stronger elevational dependence. Although high interannual variability exists (shaded areas), on average, windward basins tend to experience CS increases at similar times throughout the season regardless of the elevation. Since most snowfall events are due to westerlies, spillover results in snowfall accumulation on the eastern side of the mountain range, which means that the highest elevations often receive more CS and have more opportunities to experience increases in CS than the lowest ones (subject to warmer and drier atmospheric conditions). Thus, there is greater elevational variability exhibited by the 31 year average curves on the leeward side. While lower elevations have fewer CDs With larger CS totals, higher elevations generally receive snowfall over a greater fraction of days (Figure 10b) . While a high-elevation pixel takes longer to accumulate a given fraction of its CS, an increase of a specified percentage likely represents significantly more CS at higher elevations than at lower ones (Figure 4) . The SSD p curves in Figure 10b tend to take on two shapes: (1) increasing or (2) increasing to a maximum and then decreasing with elevation. The basin-wide and range-wide shapes observed for the accumulation rates resemble orographic CS distributions [Kirchner et al., 2014] because orographic snowfall processes are tightly coupled to accumulation rates. It is hypothesized that declines in CS at the highest elevations resulted from atmospheric moisture exhaustion [Kirchner et al., 2014] and gravitational and wind redistribution [Gr€ unewald et al., 2014] . These processes would similarly explain the decreasing SSD p curves at the highest elevations in Figure 10b .
While the interannual variability of SSD p increases with elevation (Figure 10b ), it remains large throughout for CD p (Figure 10a ). Not only does Figure 10a show substantial interannual variability (much greater than in Figure 10b ), but the CD 50 and CD 75 interquartile ranges can largely overlap with one another. Thus, high variability is associated with the interannual timing of snowfall accumulation (often more than 1 month at a given elevation) as well as when the larger-sized storms occur. It also indicates that the length of the accumulation season can greatly vary interannually and elevationally across the range since the CD 100 curves/ interquartile ranges represent the end of the season (i.e., DOP SWE). The low interannual variability associated with SSD p (Figure 10b) demonstrates that relatively few days are needed for the mountain range to accumulate a given percentage, p, of the CS. Across nearly all regions and elevations, the 75th percentile of SSD 50 is <10 days. The 75th percentile of SSD 75 is <25 days in all regions. The interannual variability is the greatest for CD 50 (Figure 10a ), whereas it is the smallest for SSD 50 (Figure 10b ). The timing of when 50% of the CS accumulates greatly varies from year-to-year while the largest accumulation consistently occurs very rapidly over the course of a few days and/or storms when ranked (Figures 8-10 ).
Although Figures 8-10 quantify the climatological rate of snowfall accumulation using different metrics (i.e., snowstorms, CDs, and SSDs), all approaches illustrate the brevity of the snowstorm-driven accumulation season despite regional and elevational heterogeneities. Furthermore, the relatively small number of storms and SSDs that make up substantial fractions of the total CS elucidates the importance of reliable estimates of the CS and how rapidly the CS accumulates. Inaccurate forecasts of the storm track or poor estimation of a few (or even a single) snowstorm could result in large accumulation errors across the range causing significant water resources management implications. 
Conclusion
Using a multidecadal spatially distributed snowfall data set, a more detailed characterization of the climatological CS timing, distribution, and accumulation rate was provided over the entire Sierra Nevada than previously existed. Insight into the occurrence of leading storms and the end of the accumulation season (generally before 1 April) as well as the development of models for estimating the integrated CS should lead to more informed water resources management decisions. Regardless of the metric used, the rapid CS accumulation rate was consistently observed across all elevations and regions in the domain. Given the fast accumulation rates and substantial contributions of the largest snowstorms, inadequately capturing the impact of a single snowstorm (or storm snow day) may result in poor representations of the seasonal CS. This is evidenced by the leading storm of a season yielding an average 27% of the CS annually.
With future climate projections indicating that there may be more frequent meteorological and snowpack droughts across the western U.S. [e.g., Strzepek et al., 2010] , California may be particularly susceptible if several storms will be deflected north of the Sierra Nevada as in the case of the ''Ridiculously Resilient Ridge'' [Swain et al., 2014] . With the deflection of a few large storms during a given season or multiple consecutive seasons, CS will likely be low. The 2012-2016 drought could serve as a case study for understanding the potential implications on snowstorm-driven snowfall accumulation, reservoir operations (e.g., timing of releases), and water management.
Using the CS data set presented herein, future work will entail a more detailed analysis of orographic effects. Across the Sierra Nevada and other hydrologically relevant mountain ranges, future work should also move toward improving existing models and developing more robust parameterizations to describe seasonal snowfall. Results from this study can be used to evaluate how well climate models can represent the spatiotemporal variability of CS and its rate of accumulation, the rain shadow effect, and elevational CS distributions. Such future work is important because climate models generally yield biased estimates of precipitation and snowfall. This work could provide guidance on physical constraints for modeling accumulation rates, storm sizes, etc. Understanding the extent to which climate models can represent the historical CS is valuable for quantifying uncertainties in climate models and interpreting projections of the hydroclimate across snow-dominated montane regions.
